Recent works highlight the therapeutic potential of targeting cyclic guanosine monophosphate (cGMP)-dependent pathways in the context of brain ischemia/reperfusion injury (IRI). Although cGMP-dependent protein kinase I (cGKI) has emerged as a key mediator of the protective effects of nitric oxide (NO) and cGMP, the mechanisms by which cGKI attenuates IRI remain poorly understood. We used a novel, conditional cGKI knockout mouse model to study its role in cerebral IRI. We assessed neurological deficit, infarct volume, and cerebral perfusion in tamoxifen-inducible vascular smooth muscle cell-specific cGKI knockout mice and control animals. Stroke experiments revealed greater cerebral infarct volume in smooth muscle cell specific cGKI knockout mice (males: 96 AE 16 mm 3 ; females: 93 AE 12 mm 3 , meanAESD) than in all control groups: wild type (males: 66 AE 19; females: 64 AE 14), cGKI control (males: 65 AE 18; females: 62 AE 14), cGKI control with tamoxifen (males: 70 AE 8; females: 68 AE 10). Our results identify, for the first time, a protective role of cGKI in vascular smooth muscle cells during ischemic stroke injury. Moreover, this protective effect of cGKI was found to be independent of gender and was mediated via improved reperfusion. These results suggest that cGKI in vascular smooth muscle cells should be targeted by therapies designed to protect brain tissue against ischemic stroke.
Introduction
Cyclic guanosine monophosphate (cGMP) is a cyclic nucleotide derived from guanosine triphosphate (GTP). cGMP acts as a second messenger via activation of intracellular protein kinases. cGMP regulates ion channel conductance, glycogenolysis, cellular apoptosis, relaxes smooth muscle tissues, particularly vascular smooth muscles, leading to vasodilation. 1 The cGMP signaling pathway has been identified as a potential target of protective therapies for cerebral ischemia/reperfusion injury. 2, 3 Cyclic GMP-dependent protein kinases (cGKs) (aka protein kinases G) are serine/threonine-specific protein kinases that are activated by cGMP and regulate smooth muscle relaxation, 4 cell differentiation, 5, 6 platelet activation, 7 nociception, 8 and memory formation. 9 Two cGK subtypes have been identified, cGKI and cGKII. These cGKs are products of different genes and exhibit differential expression patterns in cells. For example, cGKI is highly expressed in smooth muscle cells and platelets 7, 10 while cGKII is most abundant in renal, 11, 12 neuronal parenchymal, 13, 14 and intestinal mucosa cells. 15 cGKI is expressed as two isoforms, cGKIa and cGKIb. These isoforms are encoded by the same gene, but differ in their first $100 amino acids. This NH 2 -terminal region of the cGKI isoforms contains a leucine zipper-like motif, which is responsible for their homodimerization and differential interaction with anchoring proteins and phosphorylation targets. 16 Both isoforms are expressed together in various SMCs. 17, 18 These isozymes interact with different proteins and affect SMC relaxation through different mechanisms. [19] [20] [21] [22] cGKIa interacts with MYPT1 (myosin-interacting subunit of myosin phosphatase 1) 20 increasing myosin phosphatase activity [23] [24] [25] and with RGS-2 (regulator of G protein signaling 2) increasing the inactivation of phospholipases C through increased hydrolysis of Ga q GTP to Ga q GDP, 19, 26, 27 whereas cGKIb shows specificity for inositol 1 0 ,4 0 ,5 0 -triphosphate receptor-associated G kinase substrate (IRAG). 21, 22 Phosphorylation of IRAG by cGKIb decreases the release of Ca 2þ from the 1 0 ,4 0 ,5 0 triphosphate stores and thereby may reduce cytosolic increases in [Ca 2þ ] i and SMC tone. 28 Weber with coauthors 29 showed that both cGKI isozymes can compensate for each other in the regulation of vascular tone in the awake mouse and that individual SMC-specific expression of the cGKIa as well as the cGKIb isozyme was sufficient to support basic regulatory functions of the NO/cGMP signaling cascade. Their results indicate that the functional outcome of either isoform-dependent signaling in SMCs is similar regardless of the specific cGKI targets involved and that both isozymes of cGKI contribute significantly to the regulation of SM tone by NO and cGMP. 29 Although cGKI has a protective role in ischemia/reperfusion injury, 30, 31 the underlying mechanisms remain incompletely understood. Several studies indicate that cGKI has an important effect on nitric oxide signaling in the vasculature. For instance, cGKI has been found to be critical for the nitroglycerin-induced relaxation of aortic rings in rats. 32 Moreover, studies employing genetic ablation of cGKI demonstrated that it is required for NO/ cGMP-mediated relaxation of smooth muscle cells in murine aortic rings. 4 However, other work indicates that NO-mediated vascular relaxation can also be independent of this kinase. 33, 34 Since it has been suggested that NO and cGMP might signal independent of cGKs, further investigation of the mechanisms by which cGKI regulates pathways that are relevant for IRI are of great importance. 33 Because of the central role that cGKI plays in homeostasis, global cGKI knockouts in rodents is associated with early mortality. 4, 10, 35 Therefore, studies of the physiological role of cGKI have been conducted using inhibitors such as KT5823, 36, 37 H8, 38 or H89. 39 However, there is no cGK inhibitor available that is entirely specific and generally applicable, as they decrease cGKI activity in a variety of cell types, and likely have off-target effects. Recently, cell-specific tamoxifen-induced cGKI knockout mice have been generated that can provide important information about cGKI mechanisms in vivo. 40 In particular, an induced, smooth muscle cell-specific cGKI knockout mouse model provides an opportunity to explore the specific role of cGKI in blood vessels, while avoiding early lethality and confounding influences of cGKI deletion in neurons, cardiomyocytes, and other cell types of global cGKI knockout mice. 10, 33 In this study, for the first time, we explore the role of smooth muscle cell cGKI in a model of cerebral IRI using smooth muscle cell-specific induced cGKI knockout mice. Moreover, because sex differences can modulate stroke outcomes, [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] we tested the role of smooth muscle cell cGKI in both male and female mice.
Materials and methods

Animals
We used an efficient, tamoxifen-induced smooth muscle cell-specific cGKI knockout mouse model. The model is based on a conditional loxP-flanked (''floxed'') cGKI allele, 51 flanking DNA encoded in both cGKI isoforms, combined with a SMA-CreER T2 transgene expressing the CreER T2 recombinase under the control of the smooth muscle alpha-actin promoter. 52 SMA-CreER T2 _cGKIfloxflox mice that were treated with 1 mg tamoxifen (TAM) i.p. each day for five consecutive days 40 at the age of five to six weeks were used as experimental animals (cGKI SMKO mice). All experiments were conducted five to seven weeks after the final tamoxifen injection. For the middle cerebral artery occlusion (MCAO)/reperfusion model, we studied three types of control animals to take into consideration the potential effects of tamoxifen treatment and baseline Cre protein expression in smooth muscle cells: (1) C57BL/6 wild type (WT) mice not treated with tamoxifen; (2) litter mate SMA-CreER T2 _cGKIfloxflox mice not treated with tamoxifen (cGKI control); and (3) litter mate cGKIfloxflox mice (without SMA-CreER T2 transgene) treated with tamoxifen (cGKI control TAM). Each group subjected to the MCAO/reperfusion was further divided into male (n ¼ 12 animals in WT, cGKI control, and cGKI SMKO groups, n ¼ 10 in cGKI control TAM group) and female (n ¼ 12 animals in each group) subgroups. All procedures were performed in accordance with the recommendations outlined in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health, approved by the Massachusetts General Hospital Subcommittee on Research and Animal Care, and reported in compliance with the ARRIVE guidelines.
Characterization of inducible smooth muscle cellspecific cGKI knockout mice
The floxed cGKI allele was genotyped by PCR using the following primers: 5 0 -CCT GGC TGT GAT TTC ACT CCA -3 0 and 5 0 -GTC AAG TGA CCA CTA TG-3 0 . The SMA-CreER T2 transgene was genotyped by PCR using the following primers detecting the Cre sequence: 5 0 -GCT GCC ACG ACC AAG TGA CAG CAA TG -3 0 and 5 0 -GTA GTT ATT CGG ATC ATC AGC TAC AC -3 0 . PCR was performed using GoTaq Õ Flexi DNA Polymerase (Promega). PCR products were examined on 2% agarose gels. The results were interpreted as follows: cGKI flox -338 bp, WT -284 bp; SMA-CreER T2 -402 bp.
For immunohistochemistry, 6-lm-thick coronal sections of formaldehyde-fixed, paraffin-embedded mouse brains were deparaffinized and rehydrated before being subjected to antigen retrieval, using 10 mM sodium citrate containing 0.05% Tween 20 (pH 6) solution and a pressure cooker. Subsequently, the sections were permeabilized using 0.1% Triton X-100 in phosphatebuffered saline, blocked using goat serum in phosphatebuffered saline, and then exposed to either an anti-cGKI rabbit polyclonal antibody that targets the COOHterminal portion of the molecule (Enzo, #ADI-KAP-PK005-F), which is shared in the cGKI isoforms, an anti-smoothelin rabbit polyclonal antibody (Santa Cruz Biotechnology, #sc-28562), or control rabbit IgG (Abcam, #ab37416). The specificity of the anti-cGKI antibody used in our study was characterized previously by a pre-adsorption study using recombinant cGKI. 53 After extensive washing to remove unbound antibodies, the sections were exposed to biotinylated horse anti-rabbit antibodies, avidinconjugated alkaline phosphatase (VECTASTAIN Õ ABC-AP Staining Kit, Vector Labs), and a colorimetric substrate (VECTOR Red, Vector Labs) before being counterstained with hematoxylin, dehydrated, mounted, and coverslipped. Brightfield microscopy images were captured using an integrated microscope and charge-coupled camera system (Nikon TiE and DS-Ri1, respectively).
For Western blotting, aortic tissues were homogenized in an SDS lysis buffer, and 3 mg of protein extracts were subjected to reducing polyacrylamide gel electrophoresis. Proteins were electro-transferred to polyvinylidene difluoride membranes, reacted with antibodies, and detected using enhanced chemiluminescence and a charge-coupled molecular imaging device.
Polyclonal rabbit antibodies to cGKI were developed in Dr. R. Feil's laboratory 54 ; antibodies to GADPH were obtained commercially (Cell Signaling #2118).
Chemicals
All chemicals were obtained from Sigma Chemicals (St. Louis, MO, U.S.A.) unless otherwise indicated.
Surgical preparation and cerebral reperfusion model
Thirty minute MCAO followed by 48-h reperfusion model was performed as previously described. 55 In short, the transient MCAO model was performed under general anesthesia (1.5% isoflurane in 30% O 2 and 70% N 2 O). We monitored body temperature with a thermal probe inserted into the rectum and maintained temperature between 36.5 C and 37.0 C with a heating pad. A fiber optic probe was affixed to the skull over the area supplied by the middle cerebral artery (1 mm posterior and 7 mm lateral from bregma) for relative cerebral blood flow (CBF) measurements via laser Doppler flowmetry (LDF) during the surgery. MCAO was performed by inserting a 7-0 nylon filament covered by silicon (Doccol) into the external carotid artery (ECA) and advancing it into the internal carotid artery and middle cerebral artery for 30 min of ischemia with subsequent reperfusion for 48 h. 55, 56 After MCAO, reperfusion was performed in two steps: 15 min of partial reperfusion through the Willis circle (after withdrawal of filament from middle cerebral artery while ipsilateral common carotid artery was closed), followed by the total reperfusion after closing the ECA and opening the ipsilateral common carotid artery. After confirming total reperfusion by LDF and closure of the surgical wounds, mice were placed in postsurgical cages for recovery.
Evaluation of neurological deficit
We performed neurological evaluations after 48 h of reperfusion using a 5-point scale, as described previously. 56 Normal motor function was scored as 0, flexion of the contralateral torso and forearm upon lifting the animal by the tail as 1, circling to the contralateral side as 2, leaning to the contralateral side at rest as 3, and no spontaneous motor activity as 4.
Evaluation of infarct volume
After neurological evaluation at 48 h of reperfusion, mice were euthanized, and brains were cut into 2-mmthick coronal sections and stained with 2% 2,3,5-triphenyltetrazolium chloride (TTC) diluted in phosphate-buffered saline for 1 h at 37 C in the dark. 57 The area of infarction in each section was expressed as a fraction of the non-ischemic part of the ipsilateral hemisphere (indirect volume of infarct). 57 Brain images were analyzed by a single operator blinded to information about the group of animals. Mice died after surgery were excluded from the infarct volume calculations.
Laser speckle contrast imaging
To determine whether the differences in stroke size and neurological outcome were associated with differences in cerebral perfusion defect during ischemia, we mapped the cortical CBF deficit using laser speckle contrast imaging during distal MCAO. Since we did not find difference between any control and gender group in infarct volume, neurological outcome and CBF by LDF, we compared male cGKI SMKO mice with male WT and male cGKI control mice in these advanced studies. Mice were anesthetized (1% of isoflurane in 30% O 2 and 70% N 2 O), intubated, paralyzed (pancuronium bromide, 0.4 mg/kg intraperitoneally), mechanically ventilated (SAR-830; CWE), and placed in a stereotaxic frame (Kopf) as described previously. 56 Arterial blood pressure was continuously monitored, and arterial pO 2 , CO 2 and pH were measured. A burr hole (2-mm diameter) was drilled over the middle cerebral artery above the zygomatic arch, and the middle cerebral artery was occluded using a microvascular clip (Zen clip; Oswa). A laser diode (780 nm) was used to illuminate the intact skull surface. Raw speckle images were acquired with a video camera (Cohu, San Diego) and used to compute speckle contrast. Ten consecutive raw speckle images were acquired at 15 Hz and processed to speckle contrast using a sliding grid of 7 Â 7 pixels. Contrast images were converted to correlation time values, and relative cerebral blood flow images were calculated by following the procedure outlined in literature. 58, 59 Perfusion images were obtained 30 min after distal MCAO and after 5 min of reperfusion. The areas of severe (0%-20% residual blood flow, representing core ischemic areas), moderate (21% to 30% residual blood flow) and mild (31% to 40% residual blood flow) blood flow deficits were quantified using a thresholding paradigm as we previously described. 58 For assessment of the cerebral vascular reactivity to NO in cGKI SMKO and WT mice, the spontaneously breathing animals were anesthetized (1.5 % isoflurane in 30% O 2 and 70% N 2 O) and placed in a stereotaxic frame. Arterial blood pressure, pO 2 , CO 2 and pH were measured. The LSCI was performed by using the CMOS camera (acA1300-200 mm, Basler). For each time point, three sequences of 100 consecutive raw speckle images were acquired (image width ¼ 1280, image height ¼ 1024, exposure time ¼ 5 ms, frame rate ¼ 100 fps, frames/ sequence ¼ 100, number of sequences ¼ 3, acquisition of three sequences was performed in <15 s). The data were processed by following the same procedure outlined in the dMCAO experiment above. The speckle images were acquired in WT and cGKI SMKO mice (n ¼ 4 in each group) at baseline and 10 min after intravenous (femoral) injection (0.1 mg/kg) of the NO donor MAHMA NONOate (Cayman Chemical), and relative blood flow change was estimated between these two time points.
Statistical analysis
All results are expressed as mean AE SD. Statistical analysis was performed with one-way repeated measures analysis of variance (ANOVA) with Bonferroni post hoc test, or Kruskal-Wallis one-way analysis of variance on ranks (neurological deficit). LSCI results of distal MCAO were analyzed using two-way ANOVA followed by the two-stage set-up method of Benjamini, Krieger, and Yekutieli. The LSCI results of the cerebral vascular reactivity to NO were analyzed by using the two-tailed t-test. Differences of p < 0.05 were considered statistically significant.
Results
Immunohistochemistry and Western blot analysis confirm efficient cGK1 ablation in smooth muscle cells
Efficient, smooth muscle cell-specific ablation of cGKI protein expression in the posterior communicating artery was confirmed by immunohistochemistry (Figure 1(a) ) in cGKI SMKO mice. In contrast, cGKI immunoreactivity was detected in the posterior communicating artery of control mice. In addition, cGKI immunoreactivity was detected in the subcommissural organ (SCO) of cGKI SMKO mice, which indicates that the cGKI was knocked out specifically in smooth muscle cells in these mice. We described the expression of the cGKI in the SCO previously. 60 We demonstrated efficient ablation of cGKI protein (cGKIa isoform &76 kDa, cGKIb isoform &78 kDa 61, 62 ) expression in aorta by Western blot analysis (Figure 1(b) ) in cGKI SMKO mice, finding regular expression of the protein in control group. The residual expression of cGKI detected in the cGKI SMKO shown in the Figure 1(b) is consistent with persistent expression of the protein in non-smooth muscle cells (e.g. fibroblasts).
cGKI deficiency in smooth muscle cells decreases cerebral reperfusion
The MCAO model allowed us to implement ischemic stroke in mice followed by reperfusion, utilize CBF measurements using laser Doppler flowmetry to monitor the ischemia, and to confirm the reperfusion values. Although intraischemic core CBF did not differ significantly among groups, the CBF, monitored by LDF above the core of the middle cerebral artery territory during reperfusion, was significantly greater in WT, cGKI control, and cGKI control TAM mice than in cGKI SMKO mice. Similar results were obtained in male (Figure 2(a) ) and female (Figure 2(b) ) mice.
cGKI deficiency increases cerebral infarct volume
To evaluate the stroke volumes, we harvested the brains and measured infarct size 48 h after reperfusion. Stroke experiments revealed significantly greater cerebral infarct volume in cGKI SMKO (males: 96 AE 16 mm 3 ; females: 93 AE 12 mm 3 , meanAESD) than in WT (males: 66 AE 19; females: 64 AE 14), cGKI control (males: 65 AE 18; females: 62 AE 14), and cGKI control TAM (males: 70 AE 8; females: 68 AE 10) mice (Figure 3(c) ) for both males (Figure 3(a) ) and females (Figure 3(b) ) subgroups.
Neurological deficit
In accordance with our results depicting greater infarct volume in cGKI SMKO mice, after 30 min of MCAO via filament with 48 h of reperfusion, the neurological deficit according to the 5-point scale was greater in cGKI SMKO mice than in WT, cGKI control, and cGKI control TAM in both males (Figure 4(a) ) and females (Figure 4(b) ) subgroups.
Altogether, MCAO followed by reperfusion experiments showed that cGKI SMKO mice, having lower level of reperfusion, subsequently developed larger Posterior communicating arteries exhibit cGKI immunoreactivity in cGKI control and WT mouse in vascular smooth muscle cells (left panels, red color), which are identified by their location within the vessel wall and their reaction with an anti smoothelin antibody in subsequent brain sections (right panels, red color). However, cGKI expression was not detected in smooth muscle cells of cGKI SMKO mice; the anti-cGKI antibody reactivity in smooth muscle cells of these vessels is similar to that detected in cells in sections exposed to non-immune IgG (lower panel). Immunostaining of the SCO shows cGKI immunoreactivity in cGKI SMKO mice, demonstrating the smooth muscle cell-specificity of the cGKI knockout in the mice. Counterstaining was performed with hematoxylin. Original magnification, Â 60; the bar is 40 mm-long. (b) Ablation of cGKI in aorta of cGKI SMKO mice. Representative Western blot demonstrating control levels of cGKI in aortae of cGKI control TAM mice and lower levels of cGKI in cGKI SMKO mice. infarct volume and more severe neurological deficit, which emphasizes the importance of the neuroprotective properties of cGKI in cerebral IRI.
The mortality rate was higher in cGKI SMKO group (36.8% males, 25% females) than in WT (14.3% males and females), cGKI control (7.7% males, 0% females), and cGKI control TAM (0% males and females) groups.
We did not detect statistically significant differences in the infarct volume, CBF, and neurological outcomes between male and female mice in any of the mouse lines tested.
Laser speckle contrast imaging shows lower reperfusion in cGKI SMKO mice
Blood pressure, blood pH, pCO 2 and pO 2 were similar in WT, cGKI control and cGKI SMKO mice (Table 1) . During distal MCAO, we mapped the cortical CBF deficit using laser speckle contrast imaging. Although intraischemic CBF did not differ among groups (Figure 5 (a) and (b)), after 5 min of reperfusion, the core CBF was significantly greater in cGKI control (58 AE 23%) and WT mice (67 AE 22 %) than in cGKI SMKO mice (40 AE 20%) (p < 0.05, n ¼ 8-9/group) ( Figure 5(c) ).
Laser speckle contrast imaging shows decreased vascular reactivity in cGKI SMKO mice
Blood gases were similar in WT (pH 7.39 AE 0.13; pCO 2 35 AE 11 mmHg; pO 2 171 AE 36 mmHg) and cGKI SMKO (pH 7.44 AE 0.10; pCO 2 29 AE 6 mmHg; pO 2 167 AE 11 mmHg, n ¼ 4 in each group, p-NS) mice. After injection of NO donor, mean arterial blood pressure decreased slightly and transiently by 10 to 15 mmHg for less than 10 min. The mean arterial blood pressure (mmHg) was not different between WT (88 AE 5) and CGKI SMKO (90 AE 6) mice before and 10 min after injection of NO donor (90 AE 6 vs. Note: Mean arterial blood pressure before and during distal MCAO, arterial pH, arterial pCO 2 , and arterial pO 2 during distal MCAO in WT (n ¼ 8), cGKI control (n ¼ 9) and cGKI SMKO mice (n ¼ 9) (Mean AE SD). p -not significant.
89 AE 10). The mean relative blood flow increase (%) 10 min after injection of the MAHMA NONOate was significantly smaller in the cGKI SMKO mice (2 AE 4) than in the WT mice (14 AE 9, n ¼ 4 in each group, *p < 0.05) ( Figure 6 ).
Discussion
Recent works have identified important roles of NO and cGMP signaling in mechanisms that regulate ischemia/reperfusion injury. cGKI has emerged as a key influencer of the protective effects of NO and is produced by several cell types within the brain. 60, 63 cGKI is known to be expressed by smooth muscle cells within the cerebral vasculature, 60 but the specific role of cGKI residing within those cells in regulating cerebral ischemia/reperfusion injury is not entirely understood. In the present study, we employed a recently discovered 40 mouse model of smooth muscle cell-specific cGKI deficiency to investigate the role of vascular cGMP signaling in stroke outcome. Since the ''bottleneck'' of the study was to obtain sufficient ablation of smooth muscle cell cGKI using tamoxifen injections, we used immunohistochemical and Western blot assays to confirm specific and efficient ablations of smooth muscle cell cGKI gene expression in the mouse model. After tamoxifen treatment, cGKI immunoreactivity was decreased in the posterior communicating arteries of the conditional knockout mice, while its expression was retained in other cerebral cells, such as those partitioned in the subcommissural organ.
To exclude off target outcomes, we studied a potential effect of the described regiment of tamoxifen treatment and baseline Cre protein expression in smooth muscle cells for the stroke outcome of our induced Figure 5 . (a) The area of perfusion defect measured using laser speckle flowmetry. The number of pixels displaying three different severities of intraischemic CBF reduction was quantified using a thresholding paradigm and then converted to area (mm 2 ) by the known scale factor. There was no statistically significant difference among the groups for any of the CBF segments. (b) Representative laser speckle flowmetry images in WT, cGKI control and cGKI SMKO mice 30 min after distal MCAO. Superimposed blue pixels indicate regions with 40% residual CBF. Imaging field dimensions are 6 Â 8 mm. Imaging field is positioned over the right hemisphere. The long blue towards the bottom of each image is the clip artifact. (c) CBF after 5 min of reperfusion by laser speckle. After reperfusion by removing the microvascular clip occluding the distal middle cerebral artery, CBF was restored to a higher level in WT (n ¼ 8) and cGKI control (n ¼ 9) than cGKI SMKO (n ¼ 9) mice (*p < 0.05). Figure 6 . NO-dependent cerebrovascular responses in WT and cGKI SMKO mice. (a) MAHMA NONOate administered intravenously (0.1 mg/kg) increased the mean relative cerebral blood flow (%) in WT mice but the mean relative cerebral blood flow of cGKI SMKO mice was significantly lower than in WT mice. (b) Representative relative blood flow images before (t¼0 ) and 10 min (t¼10) after injection of MAHMA NONOate (0.1 mg/ kg, i.v.) in WT and cGKI SMKO mice. These panels represent relative blood flow images. For each mouse, the max blood flow at t¼0 was scaled to 100% and the same scaling factor was applied to the blood flow map at t¼10 min after injection of the NO donor. Values are mean AE SD. *p < 0.05 for comparison between WT and cGKI SMKO mice (n ¼ 4 for each group). knockout mice. Neuroprotective effects of tamoxifen have been reported in rodents: tamoxifen renders its neuroprotective mechanism likely by acutely alleviating cerebral ischemia injury, at least in part via an antioxidant mechanism and independent of any cerebral blood flow changes. [64] [65] [66] However, the pharmacokinetics of tamoxifen in mice (t1/2 ¼ 11.9 hours 67 ) allows us to use it in our model while avoiding confounding effects on stroke outcome. Experimental models utilizing Crelox systems with similar tamoxifen administration schemes for conditional knockout mice generation were already utilized in previous MCAO studies. 68, 69 It was important to demonstrate that expression of Cre protein in smooth muscle cells, and our regimen, of tamoxifen treatment, by itself did not have influence on stroke outcome in our mice and MCAO model. These results allow us to reduce the amount of control groups of mice in further studies.
We studied three types of control animals: WT mice not treated with tamoxifen were studied as a standard control; litter mate SMA-CreER T2 _cGKIfloxflox mice not treated with tamoxifen were studied as a control for baseline Cre protein expression in smooth muscle cells; and litter mate cGKIfloxflox mice (without SMA-CreER T2 transgene) treated with tamoxifen were studied as a control for tamoxifen treatment. Our data suggest that smooth muscle cell cGKI expression was required to demonstrate neuroprotection and to improve stroke outcomes. Subsequently, in the temporal MCAO stroke model, infarct volumes were larger, neurological outcomes were worse, and levels of reperfusion were lower in cGKI SMKO mice than in all control groups.
To obtain quantitative cerebral reperfusion data, we performed additional advanced studies using laser speckle CBF measurements. This method quantitatively measures both hypoperfused and ischemic zones, allowing for a wider evaluation of the perfusion deficiency in an acute cerebral ischemia model under the control of physiologic parameters. During laser speckle contrast imaging, we assessed two-dimensional CBF with high temporal and spatial resolution in realtime over a large area of brain -qualities in which LDF lacks. The size of the imaging field is adjustable, making it possible to study CBF in the large brain area without sacrificing spatial resolution. Laser speckle contrast imaging has a temporal resolution approaching real-time, which allows for monitoring of rapid changes in blood flow, such as arterial occlusion. In these studies, we used a non-surviving acute stroke model with distal temporal occlusion of the MCA via clip under artificial ventilation. In contrast to LDF monitoring of CBF in the filament model of MCAO, the acute clip model allows for the control of physiological parameters (blood gases and arterial blood pressure) under artificial ventilation. In the distal MCAO model, laser speckle contrast imaging can quantify the ischemic effect and its time course. 58 Our results demonstrated that the hypoperfused areas were larger in cGKI SMKO mice than in cGKI control mice and WT mice. We also showed that cGKI SMKO mice have significantly reduced cerebral vascular reactivity to NO in comparison with WT mice, proving that cGKI mediates cerebral vascular response to NO.
Our data on neurological deficit and infarct volume in mice, devoid of cGKI in vascular smooth muscle, prove that the presence of cGKI in the vascular smooth muscle is a prerequisite for better stroke outcome.
We demonstrated an important role of cGKI in the regulation of CBF by smooth muscle cells during reperfusion by two different methods (LDF and laser speckle), and by two different approaches (MCAO by filament and distal MCAO by clip). Both approaches confirmed that reperfusion was lower in cGKI SMKO mice than in control mice, proving that cGKI in SMC is crucial for adequate reperfusion, which subsequently contributes to smaller infarct volume.
We described previously that decreased reperfusion in the MCAO model was caused, at least in part, by impaired vascular reactivity. 56, 70 Impaired vascular relaxation in eNOS knockout mice has been suggested to affect CBF during cerebral ischemia and to influence stroke outcome. 56 Drugs targeting the NO-cGMP signaling pathway, initially identified as vasorelaxants, were shown to improve cerebrovascular reactivity and to reduce the infarct volume in rat stroke models. 71 Furthermore, treatment with phosphodiesterase type 5 inhibitors, which elevates the level of cGMP by blocking its metabolism, also decreases cerebral infarct size 72 and improves functional recovery 73 in a rat model of MCAO. These findings suggest a central role of vascular relaxation in stroke outcome. cGKI is an important effector of the NO-cGMP signaling cascade. 74 Upon stimulation by cGMP, cGKI in smooth muscle cells can phosphorylate a variety of cytosolic proteins that cause relaxation of the cells by regulating the intracellular calcium concentration and the cytoskeleton. 31 cGKI is colocalized with the large conductance Ca 2þactivated K þ (BK) channels and controls the extent of an increase in BK current caused by an activation of NO/cGMP signaling in cerebral arterial smooth muscle. Thus, dynamic regulation of BK channel activity by the co-localized cGKI may contribute to NOevoked dilation of cerebral resistance arteries. 75 We studied both male and female mice for our stroke surviving experiments because previous studies suggested the existence of sex differences in stroke outcomes. [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] 76 We demonstrated that smooth muscle cell cGKI protected the brain against stroke injury associated with cerebral ischemia and reperfusion in a gender-independent manner. Females generally showed a tendency for better neurologic outcome in each group, which reflects the well-known protective effect of estrogens against ischemic stroke, 41,77,78 but the sex difference was not statistically significant in our model.
Langhauser et al. 79 found that the activity of the NO receptor, soluble guanylyl cyclase (NO-GC), which produces cGMP upon stimulation by NO, also protects against ischemic stroke. These results are in line with our data, that cGKI SMKO have worst stroke outcome and, together, disclose a protective NO-cGMP-cGKI pathway in ischemic stroke. In contrast to our study, authors used drugs to activate NO-GC rather than cell type-specific knockout mice and made no conclusions about the cell-type specificity of found effects. It is conceivable that beneficial effects of these small molecules are mediated in part by direct neuroprotection independent of vascular effects. 79 Interestingly, cGKI activity is abnormal in spontaneously hypertensive rats (SHRs) in which high blood pressure is one of key factors contributing to ischemic stroke. 80 The low expression level of cGKI in these animals underlies the lack of NO/cGMP-dependent regulation of intracellular calcium transient in aortic smooth muscle cells from SHRs. Decreased cGKI expression may contribute also to the development of hypertension and explain suboptimal responses to nitroglycerin and other NO-releasing molecules in patients. 81 The neuroprotective effects of the NO-cGMP-cGKI signaling pathway may be mediated by mechanisms beyond vasorelaxation. NO-cGMP-cGKI signaling cascade has been shown to be involved in control of inflammation, metabolism, and cell proliferation in different cell and disease models. 6, [82] [83] [84] [85] [86] Accumulating evidence indicates that cGKI can regulate smooth muscle cell phenotype through mechanisms that are independent of its effect on intracellular calcium concentration and the cytoskeleton. 5, 83, 87 Upon cGMP stimulation, smooth muscle cell cGKI has been observed to localize to the nucleus and phosphorylate transcription factors. In these cells, cGMP stimulates cGKI proteolysis, caused in part by proprotein convertases residing within the endomembrane system, 53,88 releasing a COOH-terminal, constitutively active kinase fragment. 86 This cGKI fragment migrates into the nucleus, 86 through classical nuclear, pore-regulated mechanisms, 6 and transactivates gene expression and regulates cell phenotype. Studies have determined that cGKI regulates smooth muscle cell phenotype by stimulating its nuclear and not cytosolic targets. 6 The translation of data generated by using cGKI inhibitors in animals, or genetically modified animal models, to humans is challenging; however, sooner or later the systemic administration of pharmacological modulators of NO-cGMP-cGKI signaling pathway would become feasible. In this regard, it is essential to study complicated non-vascular effects of cGKI modulation. For instance, genetic deletion of cGKI in nonneuronal cells results in a complex metabolic phenotype, including liver inflammation and fasting hyperglycemia. 82 cGMP-elevating compounds and ischemic conditioning provide cardioprotection against ischemia and reperfusion injury via cardiomyocyte-specific BK channels. 89 Platelet cGKI but not endothelial or smooth muscle cGKI is essential to prevent intravascular adhesion and aggregation of platelets after ischemia, 90 and NO-cGMP signaling in platelets was recently shown to be highly shear-dependent and limit thrombosis. 91 It was demonstrated that cGKI protects against renal IRI partially through inhibiting inflammatory cell infiltration into the kidney, reducing kidney inflammation, and inhibiting tubular cell apoptosis. 92 The overall profile of the cell type-and tissue-specific functions of cGKI is rather encouraging as cGKI seems to mostly play a protective role at a systemic level. However, future discovery of the approaches to the cell type-specific modulation of cGKI in humans would be quite promising.
In conclusion, our data suggest that cGKI in smooth muscle cells plays an important role in regulating cerebral blood flow during reperfusion and improves stroke outcome by a sex-independent mechanism, at least in part through the modulation of reperfusion. Our results suggest that cGKI in smooth muscle cells could be targeted to protect brain tissue against stroke. Future studies are required to further explore the neuroprotective potential of cGKI modulation in stroke treatment and prevention. cerebral vascular reactivity. MS, DNA, JDR Jr., RF, MML and ESB performed literature sesarch. ESB and PLH provided texnical support and critically revised the manuscript. All authors reviewed and approved the final version of the manuscript.
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